We observe the "invisible-to-the-naked-eye" flames of tungsten and vanadium ethoxide aerosols when ignited at moderate laser excitation (0 < P laser < 70 W) by employing an IR thermo-graphic camera. No emission is seen in the visible range whether by the visible region cameras or by spectroscopy. Measured emissivity values for the precursor solutions -found to be 0.8 and 0.75 for tungsten and vanadium ethoxide respectively -and the spectral emissivities of their flames (in-situ) are used to calculate the temperatures at varying laser intensity and various laser wavelengths. New energy balance equations have been derived -the transient temperature one extended from Haggerty-Cannon equation and the other based on standard resonance analysis. Fitting these models to experimental data reveals that only small amounts (1.33% and 4.32% respectively) of the laser power are used in the pyrolysis of the precursor ethoxide aerosols into the desired oxide nanostructures. The low levels of specific heat capacities obtained in these sprays suggest that these are electronic heat capacities rather than lattice heat capacities; enthalpies are also obtained. Our temperature-laser power trends are in agreement with previous findings. The damping coefficients and hence the saturation intensities confirm that the vanadium containing precursor liquid is harder to dissociate into final products than the tungsten precursor as observed experimentally.
Introduction
Laser pyrolysis technique has gained popularity as a relatively new materials processing tool recently. The technique involves interaction between the laser beam (mainly the continuous wave CO 2 laser at a wavelength of 10.6 m) and the starting materials in a liquid spray form (aerosol). The spray and beam are made to interact orthogonally and the beam diameter, w laser , and the aerosol spray diameter, d spray , are controlled in such a way that d spray <w laser . This is to ensure that all the spray molecules are inside the beam for complete combustion. To date there are about more than one hundred publications on materials processed by this technique. While most of these reports have presented on the nano-products of laser pyrolysis, only a few have proposed explanations on the interaction between the laser beam and the aerosols. There have been conflicting conceptions about the nature of interaction between the laser beam and the fluid spray with two major schools of thought -photochemical theory and photo-thermal theory [1] . In this paper, we attempt to shed light on both theoretical advancements and empirical measurements of the temperature at the interaction zone as it depends on laser intensity and laser wavelength. A brief review is important for a background.
As early as 1873, James Clerk Maxwell used the electromagnetic theory to calculate force on solid bodies due to absorption or reflection of light [2] and in the early 1900's quantitative measurement of the force on bodies and gases were done especially as well demonstrated by the Crooke's radiometer [3] . In 1917 Albert Einstein [4] , using the quantum theory to calculate the influence of the electromagnetic radiation on the motion of molecules, showed the importance of the Max Planck's blackbody spectrum in his calculation. In later years, 1933, Otto Frisch performed the first experiment showing momentum transfer to atoms by photon absorption and, also, in 1950 Alfred Kastler used light to cool and heat atoms. In the 1970s, with the advent of more intense lasers, more pronounced effects on deflection of atom beams were observed. The first laser pyrolysis experiments (named differently then) with the CO 2 laser tuned at its 10P 20 line of wavelength 10.59 m are known to have been first performed by Bachmann [5] between 1974 and 1975 . Laser pyrolysis of vanadium and tungsten compounds, in our group, has led to very interesting nanostructures -nanowires of WO 3 and nanobelts of VO 2 [6] [7] [8] . These nanostructures were obtained without the knowledge of the temperature of processing as has been the case with many reports on laser pyrolysis. However, for repeatability, the knowledge of temperature of the aerosol molecules is absolutely important.
Measurement of this temperature cannot be accomplished with the traditional thermometer or thermocouple -any contact with the aerosol changes the temperature one is intending to measure. For this reason, non-contact (optical) methods are preferred. Various attempts to understanding the relationship between laser intensity and wavelength on the temperature and dissociation protocols are outlined. Since these theories have failed to explain some recent experimental data on laser intensity versus aerosol temperature, this paper presents new laser-intensity -aerosol-temperature and laser-wavelength -aerosol-temperature data. We also attempt to fill in the gap that exists in the explanation of such data.
Brief review of the cw CO 2 laser interaction with sprayed fluids
A theoretical treatment by Bowden et al [9] in 1977 proposed a quantummechanical model for laser-induced photo-chemical reactions in which selective lowlevel excitation of a molecular species by the laser beam was assumed to incorporate coherent resonant energy transfer with collision damping. The resonant bonds were seen to be the heat sources and the non-resonant ones were the heat sinks. The Bowden et al model was designed based on a pulsed CO 2 laser source. In the case where the laser pulse width is much smaller than the molecule collision times, one has a collision-free interaction and vice versa. The Hamiltonian which Bowden et al developed especially for the laser interaction with gas molecules with collisions and collision damping led them to an equation which gave the probability, n, of a molecule or atoms being excited when in the laser beam to depend on the resonant frequency, , the laser detuning (or how far away from resonance the laser frequency is), = -laser = 2 [(1/ )-(1/ laser )] and the intensity of the laser beam, I laser given as n = (1/Q) + (I laser /S) where Q = exp(ћ /k B T)-1 and S = ( + R ) 2 + 2 . The symbol, R , is the Rabi frequency defined as the frequency of a molecule or an atom flopping between excited and ground states, ћ = h/2 where h is the Planck's constant and is the damping coefficient of the molecule. When one tries to represent temperature as a function of laser intensity and also as a function of wavelength, one finds that T(I laser , laser ) = ћ /Q k B where Q = ln[1+1/(n -I laser /S )]. Calculation of temperature from this equation shows that it increases linearly with laser intensity and decreases exponentially with laser wavelength. The phenomenon of the linear increase of the molecule temperature with laser intensity is expected to work only for low level excitation as proposed by Bowden et al. However, this model fails at high laser power where the relationship clearly shows non-linearity.
An energy-balance equation was presented by Haggerty and Cannon [10] in 1981. This equation states that the energy absorbed by the aerosol from the laser beam is equal to the energy used to raise its temperature, the energy used to induce chemical reactions and other heat transfer losses such as radiation, convection among others. This equation is given here as:
I 0 is the input laser intensity in W/cm 2 , V is the volume element of the precursor aerosol, A is the cross-sectional area of the aerosol as seen by the laser beam, i is the absorption coefficient of the i th species, p i is the partial pressure of the i th species, x is the distance of the aerosol volume element from the window, x is the thickness of the volume element, C p is the heat capacity of the gas, /V is the molar density in the volume element, dT/dt is the rate of change of temperature, H is the heat of reaction in joule/mole, d /dt is the moles of gas reacting per unit time per unit volume. The schematic illustration in Fig. 1 depicts the volume and surface calculation on the flames observed.
This energy balance equation has been difficult to solve. There are no known relations for the number, , of molecular species present in the beam at a particular period of time and let alone how many of them change from one chemical species, d /dt, to the other. Haggerty and Cannon themselves did not attempt to solve this equation let alone to determine the absolute temperatures in their flames.
On the other hand, experimental data on laser power and temperatures of benzene was presented by Tenegal et al [11] in 2001 but they could not explain their findings by any physical model.
The theoretical attempt by El-Diasty et al [12] to describe the laser pyrolysis of silane is worth noting. However, the role of the laser intensity and wavelength on the flame temperature was not pursued by El-Diasty et al.
Recently, another attempt to measure and model the laser pyrolysis of iron nanoparticles via the aerosol theory was made by Bomati-Miguel et al [13] . Their laser pyrolysis modelling involved the particle size of the powdered products as a function of laser intensity but not as a function of the temperature of these products while in the laser beam. They have admitted that measuring temperature is difficult in the laser pyrolysis process because the presence of the laser precludes the introduction of any device in the reaction zone. Only optical systems were seen to be useful, but their effectiveness is restricted to strong light-emission processes obtained at high laser intensities [14, 15] . Their laser pyrolysis process took place under low-emission conditions, which made the standard infrared pyrometers useless. In their work, they claim they solved this problem by measuring the temperature profile in the gas mixture along the reaction plume immediately after irradiation by means of a series of five equidistant K-type thermocouples. From the linear plot of the reciprocal temperature 1 T versus the distance from the nozzle, the maximum temperature increase T max was obtained as the intercept at the origin. This approach has limitations: (1) use of thermocouples has already been mentioned to be dubious (2) the fast clogging of the thermocouples by the iron powders influence the temperature very much. Bomati-Miguel et al could not determine the exact temperatures at any specific point in the flame. Moreover, the discussion of laser wavelength is ignored in Bomati-Miguel et al's work as well as in many studies on laser pyrolysis so far. The connection between laser intensity and laser wavelength on the temperature of the starting aerosol and hence the particle size of the end product distinguishes the present discussion from many previous studies.
Theoretical considerations
Albeit the difficulty, the Haggerty-Cannon energy balance equation can be used to describe the temperature changes and their temporal evolutions thereof. For this reason, we have simplified Eq. 1 by noting that the first two terms on the right are only important for the transient part of the temporal temperature. The transient part of the temporal temperature can be worked out from Eq.1 by noting that the term H V / t does not contribute to the change in temperature since this is the latent heat term. The heat transfer loss terms are radiation and convection rate only.
Heat loss by convection and radiation
The power lost per unit time by the droplet through radiation in vacuum is AT 4 where is the emissivity of the constituents in the flame, is the Stefan-Boltzmann's constant and A is the surface area of the flame.
Determining the surface area of any flame is admitted very difficult. Surface areas of flame cones were calculated from motion-picture frames, with the shadow-gram and emission oscillogram registered simultaneously on the same film by Afanas'ev et al [16] . Most estimates in literature regard the flame shape as a cone [17] ; herein we regard our flames as being close to two cones joined at their bases as illustrated in the inset of Fig. 1 where the total surface area A is given as
where d is the diameter of the flame at the waist, L is the length of the flame cone from apex to the waist and h is the height of the flame cone from apex to the waist. The total surface area of such a shape can gives a good estimate of the surface area. The actual surface area fluctuates in time. In such a case, the root of the mean of the 5 square (rms) surface area must be determined. In the present case, the flame is stable and hence its surface area is almost constant with time.
Also, since the flame is not in vacuum, but, rather, is surrounded by C 2 H 2 and Ar gases, the radiation loss rate is modified [18] 
where T s is the temperature of the surrounding carrier gases. The rate of energy loss through convection is given [19] by the very well known relation ( C/ t) convection = conv A(T-T s ) where conv is the coefficient of convection. Since there is no contact with the wall of the chamber, the energy loss to conduction, cond A ( T/ r), is zero.
Transient temperature as function of laser intensity
We write Eq. 1 by simplifying the left hand side to the fraction P laser of the laser power absorbed by the spray molecule. We also replace the heat losses on the right hand side with heat losses by radiation and convection only. This equation then changes to
For a photo-chemical process, the change of chemical species d /dt from one species to the other happens without such rapid change in temperature. Ideally, a photochemical process happens without any change in temperature. Note that in the real case, dT/dt 0, thus, there still exists a small change in temperature T in a typical photochemical process. We then can re-write Eq. 2 for the photo-chemical process to a differential equation:
Given the fact that the number of molecules converting from precursor to product is zero at t = 0 when the laser power is also zero, Eq. 3 will have a solution given as
For a photo-thermal process we can analyze Eq. 2 as follows: if the number of molecules passing through the pyrolysis chamber per unit time is kept constant and the rates of reaction are stable at some rate d /dt = , we can simplify Eq. 2 to the following differential equation Finding the solution of Eq. 5 in T gives us T as a function of time as well as P laser . It is solved with the following boundary conditions: at t = 0, T = T s and at t , T T eq We try an expression for temperature as function of time such as T(t) = T s + (T max -T s ) exp [-t] . When this is substituted in Eq. 5, we find a polynomial in to the power of 4. This is circumvented by noting that the transient temperature takes place at very short time t for which case the exp[-4 t] term can be estimated to the first linear term after the Taylor expansion of this exponential function. We therefore find T as function of t as follows:
The operation, PLog [z] in Eq. 6, shortened for ProductLog [z] , is a Mathematica command which gives the solution of w in the expression z = w e w . The final "equilibrium" temperature of molecules that are entrained into a CO 2 laser beam found either by letting t as can be seen in Eq. 6. In a typical experiment, the equilibrium is reached in a fraction of a second after the laser beam is switched-on as will be shown in the experimental sections that follow. During the cooling cycle, temperature goes to surrounding temperature if one sets P laser = 0 in Eq. 2. For the known values of the Stefan-Boltzmann's constant, , volume of the interaction zone, V = A. V, precursor flow rate, , surrounding temperature, T s , and from the fittings of heating and cooling equations above to the experimental data, the following parameters are determined: specific heat capacity C p of the starting material, the enthalpy of the reaction, H, the convection co-efficient, conv , of the surrounding, and the fraction of the laser beam absorbed by the precursor liquid, .
Temperature of the flame as a function of laser wavelength and laser power
The analysis in Section 3.2 assumed largely that the laser excitation was equivalent to any invariant heat source. No oscillations in the laser field were considered. However, interesting phenomena such as selective dissociation and hence new materials show up when the laser beams of varying wavelengths are used. Therefore an attempt to understand this aspect of laser -material interaction is important. After determining parameters, C p , H, conv , , from the previous discussion, new parameters such as saturation power P sat , resonant wavelength, res , and damping coefficients, , of the nearto-resonance O-C bonds in the precursor materials can be easily determined.
We start this analysis by realizing that the net temperature at any time, t, at a particular point in the flame, can be calculated from the sum of heating rates and cooling rate. There are two main heating rates H 1 / t and H 2 / t being opposed by two cooling rates C 1 / t and C 2 / t. The heating rate, H 1 / t, is as a result of the excitation by the laser. The Haggerty-Cannon equation [Eq. 1] gives this heating rate only in terms of the laser intensity without the laser wavelength. We re-derive this heating rate to incorporate a varying laser field. We do this by calculating the force that the photon exerts on the electron, the collective force that the electrons of an atom exert on that atom as a consequence of the photon excitation and the consequent forces between atoms which cause bond dissociation of the molecules. H 2 / t is the heating rate due to photon recoil. Excited electrons have to come to ground state by spontaneous or stimulated emission of photons. In the process, the electrons recoil with some finite velocity. The collective force, due to electrons' photon recoil, impacts on atoms and their bonds in the molecules in the similar manner as the H 1 / t mechanism only with a less magnitude.
For the molecules to stay in thermal equilibrium and for there to exist a measurable constant temperature, there must be an equal net cooling rate, C 1 / t + C 2 / t. These cooling rates are the radiation and convection heat loss rates given in the previous sections.
Heating rate due to droplet absorption of laser photons, H 1 / t
The two starting liquids are dissolutions of VCl 3 (green) and WCl 6 (dark-blue) powders in ethanol to form green VCl 3-x (OC 2 H 5 ) x and light blue WCl 6-x (OC 2 H 5 ) x respectively [18, 19] . The V-(OC 2 H 5 ) 3 and W-(OC 2 H 5 ) 6 form after a few weeks when left at room temperature. When the CO 2 laser photons of frequency emits light they exert forces on a group of electrons as illustrated in Fig. 1 (a) and (b) . The electrons mediate between the atoms. The atoms, in the present starting materials, have at least one resonant bond, or a close-to-resonance electron gas identified by infrared spectroscopy to be between atoms O and C in each case. The reduced masses loaded on each bond in these molecules are given as follows: Here q is the total charge on the electron gas and E 0 is the laser photon's maximum electric field. We substitute the trial function r = E 0 e i( t -) and expand Eq. 9 in order to equate real and imaginary parts to obtain tan = /( res 2 -2 ) and the amplitude r 0 = (10) This average absorbed power in conjunction with the standard expressions for intensity, I = 0 cE 0 2 and saturation intensity I sat = 0 c 2 3 h/e 2 = 1.23 10 19 3 can be used to derive the heating rate due to absorption in terms of (I/I sat ). Since (I/I sat ) is equal to (P laser /P sat laser ) the heating rate due to laser photon absorption by the aerosol spray can be given as for benzene. These estimations are valid for a 10.6 µm CO 2 laser excitation only.
Damping constants for many atomic systems have been determined in the past when HeNe and Ar lasers are employed. For Na atoms the value of = 6.17 10 7 s -1 for damping constant was reported [20] so that if our starting materials were excited by the HeNe and Ar lasers, their saturation intensities would be of the order of 30 
Heating rate by photon recoil, H 2 / t
Another source of heat in the atoms is as a result of their photon emission after excitation. Excited atoms return to ground state by spontaneous emission or stimulated emission with the two emissions having equal probability; both absorption and emission are random. Hence their average momenta are zero but the square of the momenta hk is finite given [21] 
Thermal equilibrium in the flame
The steady state part of the temporal temperature can be worked out by balancing the heating rates and the cooling rates. When the flame reaches thermal equilibrium, the absorption rate in Eq. 11 plus the photon recoil heating rate in Eq. 12 is balanced by the power lost through radiation and convection. Since there is no contact between the flame and the wall of the chamber, the energy loss to conduction is zero. Hence the energy balance equation at steady state or when thermal equilibrium is attained can be given thus Neglecting convection simplifies the solution of Eq. 14 and also gives a rough idea about the magnitude of some unknown parameters such as P sat , for the precursor liquids. However, fitting Eq. 14 to the experimental data is not expected to yield a perfect fit. This is due to the fact that in the typical laser pyrolysis, the laser heating does not occur in vacuum where cooling rate by radiation dominates over convection rate. The pyrolysis takes place in an ambience with C 2 H 2 , Ar and O 2 gases flowing at specified flow rates. Therefore cooling rate by convection is supposed to be equally important. In this case then, one can obtain an improved expression for temperature of the flame T at certain point as a function of laser intensity P laser and laser wavelength, as: Three unknown parameters -P sat , res , and -need to be determined from this equation; the rest of the parameters are known from the temporal temperature data in Eq. 6.
Methodology

Infrared spectra of the invisible VCl 3-x (OC 2 H 5 ) x and WCl 6-x (OC 2 H 5 ) x flames
A CEDIP Jade infrared camera sensitive from 8 to11 m wavelength range was employed in imaging the once-invisible flame at the interaction zone between the laser beam and the aerosol molecules as shown in the experimental schematic set-up in Fig.  1(a) . The flame could be clearly seen as shown in the photograph in Fig. 2 (b) . The IR camera also allowed for the capture of movies of these flames so that temperature-time data could be attained this way. Also, IR spectra of such flames compared with the blackbody spectrum were obtained [ Fig. 3 (a) ]. The signal from the flame consists of scattering by the aerosol molecules and particles of the CO 2 laser beam [amplified from region A of Fig. 3 (a) into Fig. 3 (b) ] and the emission from the particles themselves. The two insets of Fig. 3 (a) illustrate that the signal the IR spectrometer sees when the laser is OFF is simply BB ( ) whereas it is = ( ) + BB ( ) + laser ( ) where laser ( ) is the reflection (scattering) from the laser beam. Clearly a laser peak at 942.78 cm -1 (10.6 m) shows up in the spectrum as amplified in Fig. 3 (b) . The aerosol is less transmitting (or more absorbing and hence emitting) when the laser is ON than OFF. We have amplified the main absorption regions B and C of the spectrum in Fig. 3 (a) Fig. 3(c) .
Flame emissivity determination and temperature measurements
When the laser is ON, the absorption of the radiation from the blackbody source by the aerosol is increased in regions B and C of Fig. 3 (a) . Apart from hyperfine transmission and emission peaks, there are some definite absorption and emission peaks in Fig. 3 (e) labeled thus: A1750 (1750 cm -1 or 5.71 m) and E1625 [1625 cm -1 or 6.15 m] respectively. Radiance from such a flame image was corrected for the laser scattering shown in the inset of Fig. 2 (b) and was thus compared to the black body spectrum of known emissivity, (assumed to be unity) and known temperature 900 K. In order to calculate "equilibrium temperature" at a particular point in the flame, either spectral emissivity of the flame is determined online using a pump probe setup in Fig. 2 (b) and employing the standard Kirchoff's law of absorptivity or the effective emissivity is determined from IR spectra over a range of wavelengths of the precursor solution using a standard expression given here as: 
Results and Discussion
Measured temporal flame temperatures at the aerosol-laser interaction zone: electron heat capacities, enthalpies of formation of VO 2 and WO 3 and convection coefficients
After determining the emissivity values, temperatures were calculated from the radiance in the flame movies. The radiance was corrected for the laser beam reflection. From such studies, temperature -time data were obtained for various laser power settings as illustrated for the vanadium precursor liquid in Fig. 4 . The continuous lines are fittings from theory which is initially fitted in the simple form T(t) = 300 +(T eq -300)exp (-t) in accordance with Eq. 6. For varying laser power values, the theoretical fit enables one to extract characteristic values of T eq and . Since is a function of , H , , T s , conv and C p , the values of T eq and at varying P laser settings enable us to find these parameters as long as we collect enough -more than seven pairs of (T eq , ) -data points.
From the flame movie, we estimate flame and beam constants [ Fig. 1 2 ) from their starting materials as determined from computational studies and from empirical tables are in the range -6 to -8 eV/mol [25] . The fitting of Eq. 6 to our present experimental temperature-time data yielded a heat of formation of H - (7 1 Table 1 . This is clear evidence that laser heating of the vanadium and tungsten containing ethoxides interacts with electrons rather than with the bulk materials in agreement with previous observations with KrFexcimer laser studies [26] [27] [28] .
Laser power and wavelength effects on temperature: saturation and damping
A second part of the flame temperature data shows the variation with laser power when the wavelength is kept constant at 10.6 m as well as its variation with changing laser wavelength at a constant laser power of 30 W. The plots for flame temperature versus laser power and the fitting of Eq. 14 and Eq. 15 to the experimental data are illustrated in Fig. 5 for (a) W-(OC 2 H 5 ) 6 , (b) V-(OC 2 H 5 ) 3 . Our data plots have similar trends to previous findings by Tenegal et al. 11 in the laser pyrolysis of benzene as shown in Fig. 5 (c) .
The fittings enable the determination of damping coefficients and hence saturation intensities for the materials as shown in Eq. 11 above. For the case of varying wavelength at a constant laser power, the CO 2 laser power spectrum allows no more than 10 wavelength points in the wavelength range 9.22 to 11.26 m. Due to low power, our laser gives only eight (T, laser ) points of these which have been plotted in the inset of Fig. 5 for the two starting liquids. In this inset, Eq. 15 has been fitted taking P laser = 30 W and then resonant wavelengths are extracted. These results been summarized in Table 2 .
The vanadium containing precursor has a larger damping coefficient (or faster relaxation rate) and hence a larger saturation intensity than the tungsten containing one. This means that the vanadium containing liquid is harder to dissociate into its final product than that of tungsten. These results corroborate the higher enthalpies for V-(OC 2 H 5 ) 3 than W-(OC 2 H 5 ) 6 discussed before and shown in Table 1 and the usual experience that the VO 2 is more difficult to obtain than WO 3 , for instance.
Conclusion
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We have observed flames that were invisible to the naked eye at the interaction zone between the laser beam and the tungsten ethoxide aerosol flow by means of an infrared camera. Radiance of such flames at varying laser power was determined by comparison with a blackbody source of known emissivity (unity) and known temperature. Emissivities of the precursor solutions were determined from their FTIR spectra by comparing these to the blackbody radiation spectrum.
Spectral emissivity of the flame was determined from the pump (CO 2 laser) -probe (blackbody source) technique and determining transmittance of the flame to the blackbody radiation. In order to explain the temperature-laser power and temperaturewavelength data, we have derived two equations: (1) From the present model, it has been found that only a small amount of laser power is used to transform the precursors into the desired nanostructures -1.33% for W-(OC 2 H 5 ) 6 , 4.32% for V-(OC 2 H 5 ) 3 and 8% for benzene. The 1.33% and 4.32 % values are in good agreement with the ratio of the laser power measured in our lab before and after the interaction at different laser power input values. Enthalpies of formation have also been determined by both the present theories and experiment with a high degree of agreement.
However, specific heat capacities are much lower than those expected for the solvent ethanol that is used to dissolve the present precursor liquids. It has been discussed that the values of the specific heat capacities obtained here are not bulk capacities but rather agree very well with electronic heat capacities. This agrees with the known fact that laser photons interact with charged fundamental particles in the precursor materials which are largely the free electrons.
The latter theory and experimental data sets on temperature-power and temperature-wavelength have shown than the vanadium containing liquid is harder to dissociate into its final products than the tungsten one. It can be concluded that lighter molecules tend to dissociate at higher energies that heavier ones, this being in keeping with resonance condition resonance 2 = (k/ *) where, for the same elastic constant, k, the bigger the reduced mass *, the lower the resonance frequency and hence the lower the energy of dissociation. Table 1 . The red and blue lines are fittings from Eq. 24 and 25 respectively. In the inset is the temperature versus laser wavelength for W-(OC 2 H 5 ) 6 (blue) and V-(OC 2 H 5 ) 3 (orange). The poor fit in left wing in the data could be due to Mie scattering owing to droplet size effects or could be another resonant peak at lower wavelength lower than the laser tuneability limit of 9.22 m. Tables and Table Captions [22] 2 to 3 -2.08 [25] [-1.9 eVmol -1 ] - 
Figure Captions
